Aims/hypothesis High sodium (HS) effects on hypertension are well established. Recent evidence implicates a relationship between HS intake and insulin resistance, even in the absence of hypertension. The aim of the current study was to determine whether loss of the vascular actions of insulin may be the driving factor linking HS intake to insulin resistance. Methods Sprague Dawley rats were fed a control (0.31% wt/wt NaCl) or HS (8.00% wt/wt NaCl) diet for 4 weeks and subjected to euglycaemic-hyperinsulinaemic clamp (10 mU min
Introduction
Evidence is increasing in both humans and experimental animals that besides causing hypertension high sodium (HS) intake leads to insulin resistance [1] [2] [3] [4] . Elevated BP responses to HS intake appear to be heterogeneous in nature [1, 2, 5, 6] with certain animal models and indeed humans displaying insulin resistance in the absence of hypertension [1, 2] . Thus, the mechanisms by which elevated sodium intake causes insulin resistance appear to have origins that are separate from or may precede those that cause hypertension.
An intriguing aspect of HS-induced insulin resistance is that it develops despite a paradoxical increase in insulin signalling in muscle and liver cells [2, 3] . Administration of insulin sensitisers such as pioglitazone [2] , which have been shown to improve insulin sensitivity in fat-fed [7] and obese animals [8] , does not prevent HS-induced insulin resistance. Therefore, the mechanisms responsible for sodium-derived insulin resistance are likely to differ from those attributed to other models of insulin resistance. Despite enhancement of hepatic and myocyte insulin signalling, vascular endothelial insulin signalling, leading to endothelial nitric oxide synthase (NOS) activation and nitric oxide (NO) production, is downregulated during HS intake [9, 10] . Thus, one factor that may be involved in the pathogenesis of sodium-derived insulin resistance is the loss of vascular responsiveness to insulin.
We have demonstrated that insulin possesses important vascular actions in skeletal muscle [11] [12] [13] . These actions include increasing both total blood flow to skeletal muscle [14] and flow through the microvascular network (microvascular recruitment) supplying myocytes [11, 12] . This microvascular action of insulin improves the delivery of insulin and glucose to myocytes and contributes approximately 40% of insulin-stimulated glucose disposal in vivo [15, 16] . NOS inhibition blocks most, if not all, insulin-stimulated microvascular recruitment in muscle demonstrating that this action is NO-dependent [16] . In healthy humans [17] and experimental animals [18] [19] [20] insulin increases microvascular recruitment. This action is markedly attenuated during states of insulin resistance (high-fat diet/obesity) and is closely associated with decreased muscle glucose uptake in vivo [17, [21] [22] [23] .
Numerous studies highlight structural and functional vascular alterations following HS intake [5, 6, 9, 10, 24, 25] . These studies provide an important link between vascular dysfunction and hypertension during HS intake. However, the role of the vasculature in the development of sodiuminduced insulin resistance has not been previously investigated. Thus, the primary aim of the current study was to determine whether or not HS-induced insulin resistance develops as a consequence of impaired vascular function in skeletal muscle. Since sodium-induced vascular dysfunction is likely to involve deleterious angiotensin II (AngII) activity [6, 9] , a secondary aim of the present study was to investigate whether or not the development of sodium-induced insulin resistance can be prevented using the ACE inhibitor quinapril.
Methods

Animal care
Male Sprague Dawley rats (5 weeks old) obtained from the University of Tasmania Central Animal Facility (Hobart, TAS, Australia) were provided water and nutrient-matched semipurified diets (AIN-93G, Specialty Feeds, Glen Forest, WA, Australia) ad libitum. Rats were split into two groups and given control (0.31% wt/wt NaCl; CTRL) or HS (8.00% wt/wt NaCl) diets for 4 weeks. Rats were housed at 21± 2°C with a 12 h-12 h light-dark cycle. All experimental procedures were approved by the University of Tasmania Animal Ethics Committee and performed in accordance with the Australian Code for the Care and Use of Animals for Scientific Purposes 2013, 8th Edition. Overnight fasted rats were subjected to either in vivo euglycaemichyperinsulinaemic clamps (study 1; insulin clamp) or ex vivo isolated constant-flow hindlimb perfusions (study 2).
A second group of HS rats was treated with quinapril (HS + Q; Sigma Aldrich, St Louis, MO, USA) for the duration of the dietary intervention. Quinapril was administered in drinking water at a dose of 1 mg kg
, which has been reported to almost completely inhibit ACE activity in the plasma and vasculature of rats [26] . Overnight fasted HS + Q rats were subjected to insulin clamp experiments (study 3).
Study 1: euglycaemic-hyperinsulinaemic clamp
Surgery and protocol Rats were anaesthetised using an intraperitoneal injection of pentobarbital sodium (50 mg/kg body weight) and their body temperature was maintained at 37°C. Surgery was performed as previously outlined [23] . Following surgery, an infusion of insulin (10 mU kg
; Humulin, Eli Lilly, West Ryde, NSW, Australia) or saline (10 μl/min) was initiated (Fig. 1a) .
Rates of whole body glucose appearance (Ra) and disappearance (Rd) were determined using 3-[
3 H]-D-glucose (3.7 kBq/min, PerkinElmer, Downers Grove, IL, USA) incorporated in saline/insulin solutions (Fig. 1a ) and calculated as previously described [27] . Rate of muscle glucose uptake (R′g) was determined using 2-deoxy-D- [1- 14 C]-glucose (2DG; 740 kBq; PerkinElmer) as previously described [23, 28] . Ser 473 -Akt phosphorylation was determined using western blot as previously outlined [23] .
Plasma biochemistry Plasma glucose and lactate were determined using a glucose analyser (YSI2300, Yellow Springs Instruments, Yellow Springs, OH, USA). Baseline and postclamp plasma insulin (Mercodia AB, Uppsala, Sweden) and endothelin-1 (ET1; Biomedica, Vienna, Austria) concentrations were determined by ELISA. Plasma NEFA concentrations were determined using a commercial kit (NEFA-C, Wako Pure Chemical Industries, Osaka, Japan).
Microvascular recruitment Microvascular recruitment in skeletal muscle was assessed using the 1-methyl xanthine (1-MX; Sigma Aldrich) method as previously published [11, 12, 16, 18, 21-23, 29, 30] . A bolus of allopurinol (10 μmol/kg; Sigma Aldrich) was administered 5 min prior to 1-MX infusion to partially inhibit the activity of xanthine oxidase thus reducing the arterial concentration of 1-MX required for saturation. This ensures that 1-MX metabolism reflects recruitment (surface area of exposure to xanthine oxidase) and not net flow rate. 1-MX (0.4 mg min
) was infused at 60−120 min of experiments (Fig. 1a) . At 120 min, plasma 1-MX and oxypurinol concentrations were determined by reverse-phase HPLC as described [11] . Hindlimb 1-MX metabolism was determined from arteriovenous plasma differences multiplied by plasma femoral artery blood flow (FBF). Xanthine oxidase activity in skeletal muscle was determined as previously described [31] .
Study 2: isolated constant-flow hindlimb perfusion
The vasculature in this preparation is fully vasodilated, thus making it ideal for studying insulin-mediated muscle glucose uptake in the absence of microvascular recruitment. We have previously used this method to demonstrate myocyte-specific insulin resistance in obese Zucker [32] and fat-fed [23] rats.
Surgical procedure Overnight fasted rats were anaesthetised with a near-lethal intraperitoneal injection of pentobarbital sodium (60 mg/kg body weight). Surgery was performed to isolate one hindlimb as previously described [33, 34] . Immediately following surgery the animals were killed with an intracardiac injection of pentobarbital sodium and a single hindlimb perfusion was carried out as previously described [23] .
Skeletal muscle glucose uptake Saline or insulin (1.5 nmol/l final concentration) was infused continuously for 60 min (Fig. 1b) . Radiolabelled glucose (2DG; 740 kBq/ml, PerkinElmer) was infused during the last 30 min to determine muscle glucose uptake as previously described [28] . The calfmuscle group (gastrocnemius, plantaris and soleus) was excised at 60 min, frozen in liquid nitrogen and kept at −80°C.
Study 3: euglycaemic-hyperinsulinaemic clamp in HS + Q rats Animals were fasted overnight, anaesthetised and subjected to insulin clamp experiments. Muscle and liver insulin sensitivity as well as vascular measures were determined as in study 1.
Statistical analysis
All data are presented as mean±SEM. Statistics were performed using SigmaPlot (Version 11; Systat Software, San Jose, CA, USA). Comparisons between groups were made using one-way ANOVA. Comparisons of time-series measurements in groups were performed by two-way repeatedmeasures ANOVA. When a significant difference ( p<0.05) was detected, pairwise comparisons by Student-NewmanKeuls was used to assess treatment differences.
Results
Physical and biochemical characteristics
No difference in body weight or epididymal fat mass was detected between the groups (Table 1) . Fasting plasma concentrations of glucose, insulin, lactate, ET1 and NEFA were similar between the groups. During anaesthesia, baseline mean arterial pressure (MAP) was not different between the groups and remained constant over the course of the experiment (data not shown). Basal FBF was 45% lower in HS rats, translating to a 95% increase in femoral vascular resistance (FVR).
Study 1: euglycaemic-hyperinsulinaemic clamp
Whole body glucose kinetics Glucose concentrations were clamped to the respective fasting level in both groups. Thus, no significant deviations in plasma glucose occurred over the course of the experiment in either group (Fig. 2a) . Following insulin clamps, the plasma insulin concentration was 15% higher in HS vs CTRL rats (1,300±90 vs 1,500±90 pmol/l; p=0.029). Despite this finding, the glucose infusion rate (GIR) in HS-fed rats was significantly reduced from 30 min , p<0.001). Plasma ET1 concentrations remained similar to baseline in both CTRL (2.73±0.28 vs 2.72±0.31 pmol/l, p=0.99) and HS (2.48±0.63 vs 3.14±0.37 pmol/l, p=0.243) groups, and were not different from each other following insulin infusion ( p=0.469).
Insulin-mediated Rd ( Fig. 2d) After an overnight fast, measures were collected immediately prior to the commencement of saline infusion or insulin clamp. Epididymal fat was excised and weighed at the conclusion of the experiments. Data are means ± SEM for n=18-20 rats in each group except for plasma measures of ET1 and NEFA where n =8. Comparisons between groups were made using unpaired Student's t test Haemodynamic effects Baseline FBF was significantly ( p<0.001) lower in HS compared with CTRL rats (Fig. 4a ; 0.99±0.04 vs 0.54±0.02 ml/min). Saline infusion did not alter FBF in either CTRL ( p=0.577) or HS (p=0.638) groups. By contrast, insulin increased FBF in both CTRL ( p<0.001) and HS ( p<0.001) groups. Despite FBF remaining lower in HS rats following insulin infusion (1.33±0.10 vs 0.71± 0.03 ml/min, p<0.001), the insulin-stimulated change in FBF relative to baseline was similar among the groups (30.1±6.7 vs 36.9±11.5%; p=0.234).
Assessment of 1-MX metabolism (a marker of microvascular recruitment) following saline revealed no difference between CTRL and HS rats ( Fig. 4b; p=0.849 ). In CTRL rats insulin increased 1-MX metabolism by 33% above saline ( p<0.001). By contrast, 1-MX metabolism in HS rats was unaffected by insulin infusion and was similar to the level observed following saline infusion ( p=0.750). Consequently, the extent of insulin-mediated 1-MX metabolism in HS was markedly lower compared with CTRL rats (5.36±0.36 vs 3.73±0.29 nmol/min; p<0.001).
Arterial concentrations of 1-MX were higher in the HS group compared with CTRL rats (28.1 ± 1.3 vs 35.5 ± 2.1 μmol/l; p=0.007). No discernible difference in the circulating arterial concentration of oxypurinol was detected between the groups (6.27±0.32 vs 5.71±0.16 μmol/l; p=0.266). Xanthine oxidase activity in muscle homogenates was similar between CTRL and HS groups (53.8 ± 11.8 vs 61.5 ± 6.9 pmol mg −1 min
; n=5 per group; p=0.501). Thus, it is likely that the moderate increase in arterial 1-MX concentration in the HS group was due to reduced kidney clearance of 1-MX rather than reduced metabolism across the hindlimb by xanthine oxidase.
Study 2: isolated constant-flow hindlimb perfusion
Myocyte glucose uptake Since insulin-mediated R′g was reduced by the HS in vivo, we investigated whether this was due to defects in skeletal myocyte responsiveness to insulin. As such, the rate of myocyte-specific glucose uptake (Fig. 5 ) of CTRL and HS rats was assessed in isolated constant-flow perfused hindlimbs, a system where insulin is unable to mediate changes in microvascular blood flow. As expected, insulin increased R′g compared with saline in both CTRL ( p<0.001) and HS ( p<0.001) groups. Importantly, compared ; p=0.326).
Study 3: euglycaemic-hyperinsulinaemic clamp in HS + Q rats
HS + Q rats exhibited a modest decrease in body weight compared with the untreated HS group, while epididymal fat mass and fasting plasma glucose, insulin, lactate, ET1, and NEFA concentrations were unaffected by quinapril ( Table 2) . During insulin clamps no difference in glucose concentrations was detected between groups at any time point (Fig. 6a) . No difference was detected between groups following insulin clamps either in plasma ET1 (3.14±0.37 vs 3.45±0.57 pmol/l; p=0.651) or insulin (1,500±90 vs 1,550±120 pmol/l; p=0.501) concentrations. The GIR was 30% higher in HS + Q rats at 120 min ( Fig. 6b; p<0.001 ). Insulin-stimulated Rd also increased in HS + Q rats despite a further, modest reduction in Ra ( Table 2 ). The decreased Ra was apparent despite a modest reduction in hepatic Ser 473 -Akt phosphorylation in HS + Q rats ( Fig. 6e; 1 .52±0.16 vs 1.21±0.17; p=0.215).
Insulin-mediated HGU improved by 25% in HS + Q rats ( Fig. 6c ; 0.48±0.02 vs 0.62±0.06 μmol/min; p=0.022) and this was mirrored by a similar increase in R′g ( Fig. 6d; 17 While MAP was unaffected by quinapril, basal FBF was increased and thus FVR decreased following treatment (Table 2) . Insulin increased FBF in HS + Q rats ( Fig. 6g ; After an overnight fast, measures were collected immediately prior to the commencement of insulin infusion. Epididymal fat pad mass, Ra and Rd were determined at the conclusion of the insulin clamp. Data are means ± SEM. n=20 for HS, n=8 for HS + Q, and for measures of ET1 and NEFA n=8 in both groups. Comparisons between groups were made using the unpaired Student's t test ‡ p<0.05 vs HS 0.70±0.09 vs 0.84±0.12 ml/min; p=0.02), and this increase was similar in magnitude to that observed in untreated rats ( p=0.138). Insulin-stimulated 1-MX metabolism was approximately 25% greater in HS + Q rats compared with untreated rats ( Fig. 6h; 3 .73±0.29 vs 4.64±0.40 nmol/min; p=0.02).
Discussion
High-energy diets and physical inactivity are recognised as two of the leading contributors to obesity and insulin resistance. However, increased sodium intake is a common feature of the obesogenic or insulin-resistant environment. Typically, hypertension is the recognised pathological consequence of increased sodium intake. The results of the present study indicate that HS intake leads to insulin resistance, primarily due to vascular dysfunction in muscle, in the absence of either myocyte-specific or liver insulin resistance. For the first time these data demonstrate a new, causative link between sodium intake and insulin resistance, without the presence of hypertension. HS intake increases the risk of type 2 diabetes, independently of hypertension or physical inactivity [35] . Other studies provide further evidence that HS intake leads to insulin resistance [1] [2] [3] [4] without attendant hypertension [1, 2] . Paradoxically, this is associated with an increase in proximal insulin signalling (insulin receptor substrate-1/Akt) in both muscle and liver [2, 3] . This is in direct contrast to insulin resistance originating from high-fat/obesity in which insulin signalling leading to glucose uptake is depressed. For this reason, the majority of reports conclude that the development of HS-induced insulin resistance is mediated by impairments further downstream in the insulin signalling pathway. However, one aspect that has not been previously considered is the role of the vasculature as an explanation (or cause) of HSinduced muscle insulin resistance.
We have developed two different methods for assessing microvascular blood flow in skeletal muscle in vivo that have been extensively validated. The first technique relies on stoichiometric metabolism of exogenously infused 1-MX to 1-methylurate by endothelial xanthine oxidase [11, 12, 16, 18, 21-23, 29, 30] . The second is an adaptation of an ultrasound imaging technique (contrast-enhanced ultrasound) [12, 16, 19, 20, 36, 37] . Both techniques yield similar results and we have demonstrated both in humans [36, 37] and animals [12, 18] that insulin acts to increase microvascular blood flow in muscle (microvascular recruitment) to enhance glucose disposal by muscle. Importantly, this microvascular action is independent of the ability of insulin to increase net muscle flow [12] , can occur as early as 15 min following insulin infusion [19] and is partly NO-dependent [16] . It should also be noted that insulin regulates blood flow to other tissues in the body, including the heart [38] , skin [39] , kidney [40] and adipose [41] ; however, compared with skeletal muscle these tissues contribute significantly less to postprandial glucose disposal.
The influence of insulin-mediated microvascular recruitment on muscle glucose uptake is highlighted when this action of insulin is inhibited by acute infusion of vasoconstrictors [15] , TNF-α [30] or lipid emulsion plus heparin [29] where there is a parallel reduction in glucose uptake. In turn, we have also demonstrated that this microvascular insulin action is blunted or absent in obese, insulin-resistant rats [21] [22] [23] and humans [17, 37] . While elevated sodium is a common feature of the obesogenic environment, unlike dietary fat the contribution of sodium to the development of insulin resistance has been relatively poorly characterised. In the present study we hypothesised that an early driving factor in the development of HS-induced insulin resistance may be the loss of microvascular insulin sensitivity/responsiveness.
During insulin clamps, HS rats exhibited whole body insulin resistance despite enhanced hepatic insulin sensitivity, skeletal muscle insulin resistance and impaired microvascular but not femoral artery responsiveness to insulin. These defects were present despite elevated hepatic and myocyte insulin signalling, a finding that conforms to previous investigations [2] [3] [4] . However, when we examined myocyte insulin sensitivity using the perfused hindleg technique (where glucose uptake is not dependent on vascular insulin action) we found no difference between CTRL and HS groups. Therefore, these data provide compelling evidence that the mechanism of sodium-derived insulin resistance is not due to signalling or metabolic defects in the myocyte. Rather, elevated sodium intake initially leads to microvascular dysfunction and this in turn acts as the main driver of muscle insulin resistance in vivo.
Dysregulation of AngII activity is a possible link between HS intake and development of vascular dysfunction and insulin resistance [6, 9, 42, 43] . Insulin stimulates microvascular recruitment by a process that is at least partly NO-dependent [16, 19] . It has been suggested that crosstalk between AngII and insulin signalling pathways in vascular endothelium may lead to endothelial dysfunction by reducing NO bioavailability [44] . Thus, we investigated whether the ACE inhibitor quinapril could prevent insulin resistance in the HS model. Our data demonstrate that quinapril improves whole body glucose disposal in HS rats by augmenting insulin-mediated glucose uptake by skeletal muscle in vivo. We hypothesise that HS impairs the insulin signalling pathway leading to NO production and that quinapril partly restores this defect. However, the microvessels involved in this defect are at the level of pre-capillary arterioles (10-50 μm in diameter) and are thus inaccessible to direct assessment of the insulin signalling pathway in the relevant cells. Nevertheless, given that HS rats exhibited a microvascular and not myocyte defect, and that quinapril treatment augmented the microvascular response to insulin, we conclude that quinapril prevents the development of HS-derived muscle insulin resistance by preserving microvascular insulin responsiveness.
HS intake affects a number of systems within the body that regulate sodium excretion/retention. These include but are not limited to the renin-angiotensin system (RAS) [45] , the sympathetic nervous system [46] and altered levels of aldosterone [45] . These pathways may play a role in HS-induced insulin resistance; however, here we report that RAS plays a major role. Several studies report promising data that ACE inhibition improves insulin sensitivity, but no consensus exists as to how this occurs. Previous work has suggested that the resulting increase in bradykinin levels following ACE inhibition may be responsible for augmentation of insulin sensitivity [47] . However, we have shown that bradykinin does not affect microvascular recruitment in muscle [48] , indicating that the improvements in microvascular sensitivity by quinapril in the present study are unlikely to be mediated by enhanced bradykinin levels. While we made no direct assessment of plasma renin, AngII or aldosterone in our animals, we performed AngII dose-response curves in our constant-flow pump-perfused hindleg preparation and found that HS animals had significantly increased vascular sensitivity to AngII, which was partially reversed by quinapril (ESM Fig. 1 ). This finding was apparent despite all three treatment groups having similar basal perfusion pressure (not significant), indicating that no major vascular remodelling had occurred following HS or HS + Q interventions. Collectively, these data implicate HS-induced vascular insulin resistance developing due to enhanced AngII signalling and/or AngII type 1 receptor levels, rather than circulating levels of AngII or bradykinin. Thus, we provide a novel mechanistic link for improvement in muscle insulin sensitivity following ACE inhibition that involves enhancement of microvascular responsiveness to insulin.
The notion that impairment of microvascular insulin responses in skeletal muscle contributes to muscle insulin resistance is supported by recent investigations using endothelial IRS-2 knockout [49] and muscle-specific vascular endothelial growth factor knockout [50] mouse models. In both models, insulin resistance developed from a loss of insulin action within the vascular network of skeletal muscle. Additionally, we recently showed that feeding rats a fatty diet leads to muscle insulin resistance and that this is driven by a defect in the microvascular responsiveness to insulin [23] . In the present study, HS rats displayed reduced insulin-mediated muscle glucose uptake in vivo despite enhancement of insulin signalling in the myocyte. These observations, along with the data from the aforementioned studies, provide compelling evidence that it is the delivery of glucose to the myocyte that is the rate-limiting factor for insulin-mediated muscle glucose uptake. Furthermore, we hypothesise that HS impaired the insulin signalling pathway leading to NO production and that quinapril partly restored this defect thus restoring insulinmediated glucose uptake by skeletal muscle.
In conclusion, we provide fresh insight into the mechanisms by which HS intake contributes to muscle insulin resistance. Our data indicate that sodium-induced insulin resistance has origins that are vascular, rather than myocyte-or liver-derived. Treating HS rats with quinapril augmented microvascular insulin sensitivity and restored insulin-mediated muscle glucose uptake in vivo, suggesting a role for the RAS in the development of sodium-derived microvascular insulin resistance. These results imply that reductions in dietary sodium may be clinically important not only for the management of hypertension but also for insulin resistance, and highlight the significance of the vasculature as an important therapeutic target for the prevention of muscle insulin resistance.
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